Agonist binding to glutamate receptor ion channels occurs within an extracellular domain (S1S2) that retains ligand affinity when expressed separately. S1S2 is homologous to periplasmic binding proteins, and it has been proposed that a Venus flytrap-style cleft closure triggers opening of glutamate receptor ion channels. Here we compare the kinetics of S1S2-agonist binding to those of the periplasmic binding proteins and show that the reaction involves an initial rapid association, followed by slower conformational changes that stabilize the complex: "docking" followed by "locking." The motion detected here reflects the mechanism by which the energy of glutamate binding is converted into protein conformational changes within S1S2 alone. In the intact channel, these load-free conformational changes are harnessed and possibly modified as the agonist binding reaction is used to drive channel opening and subsequent desensitization. Using mutagenesis, key residues in each step were identified, and their roles were interpreted in light of a published S1S2 crystal structure. In contrast to the Venus flytrap proposal, which focuses on motion between the two lobes as the readout for agonist binding, we argue that smaller, localized conformational rearrangements allow agonists to bridge the cleft, consistent with published hydrodynamic measurements.
Glutamate receptor ion channels (GluR) 1 play an essential role in intercellular communication in the central nervous system (1) (2) (3) . The functional channels are oligomeric assemblies of 100-kDa subunits that can be assigned to one of three subfamilies: ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA), N-methyl-D-aspartate, and kainate receptors (4) . Following agonist binding, AMPA receptors induce depolarization of the postsynaptic membrane on a millisecond time scale (5) , consistent with their role as the predominant mediators of fast excitatory synaptic transmission in the central nervous system (6) . Depending on the agonist and receptor subtype involved, the channels then inactivate or desensitize (7) (8) (9) , which is thought to be important physiologically for avoiding prolonged excitation and for responding to high frequency stimulation (10 -13) .
Mutagenesis experiments have located the GluR agonistbinding site in a domain distant from the ion channel gate (14) , as has also been observed for the acetylcholine receptor (15) . This implies that the presence of agonist in the binding site is communicated to the channel by means of conformational changes that propagate through the protein. This coupling of the state of the pore to the conformation of the agonist-binding site is reflected, for example, in different affinities for the resting and desensitized states of various receptors (the "binding-gating problem") (4, 16) .
A ligand-binding domain identified within the GluR sequences has been extensively characterized (17) (18) (19) (20) (21) . It can be expressed as a soluble fusion protein (S1S2) with a pharmacological profile similar to that of the intact solubilized receptor, at least for AMPA receptor subunits (17) . Studies of S1S2-agonist binding can provide insight into conformational changes within the domain, decoupled from the subsequent rearrangements (i.e. channel gating and desensitization) that they drive in the intact molecule. These changes may reflect either stabilization of a pre-existing conformation or induction of a novel conformation, although we speak here of their being "driven" or "induced" by agonist binding for the sake of simplicity. S1S2 is structurally related to the periplasmic binding proteins (PBP), bacterial proteins that bind metabolites in the cleft between two lobes. X-ray crystallography and solution scattering measurements on PBP reveal that the ligand first docks against lobe I in the open cleft and is then trapped by a dramatic cleft closure in the so-called "Venus flytrap" mechanism (22) (23) (24) (25) (26) (27) . It has been suggested that a similar lobe closure occurs in the ligand-binding domain of the GluR and that this closure acts as the trigger for channel gating and/or desensitization (19, 21, 28, 29) . However, a dramatic lobe closure is not strictly required for ligand binding even among PBP family members, e.g. if the ligand can bridge the open cleft (30) or if oligomerization constrains the conformational flexibility (31) . We suggest that both of these conditions may be fulfilled by GluR.
The crystallographic structure of an S1S2 domain core in complex with kainate has provided a detailed snapshot of its interaction with a ligand that induces unusually rapid (and weaker) desensitization in AMPA receptors compared with glutamate or AMPA. As a result, whole-cell currents induced by kainate appear non-desensitizing (32) . This x-ray structure has been interpreted as supporting a Venus flytrap mechanism (21) . We have pursued a parallel biophysical comparison of the bound and free states of S1S2 to understand the nature and dynamics of the conformational changes induced by the binding of different ligands. In a first approach, we showed by solution scattering techniques that there is no reduction in the radius of gyration of S1S2 upon agonist binding, indicating that the magnitude of any conformational change in the domain must be considerably smaller than for the PBP (33) . Circular dichroism measurements confirm that there are no significant changes in secondary structure content upon glutamate binding (34) .
Here, we present an analysis of the affinity and kinetics of agonist binding to S1S2 from the AMPA receptor GluRD, monitored using an intrinsic tryptophan fluorescence signal and stopped-flow techniques. These data provide the first biophysical evidence that S1S2-agonist binding is a two-step process, in which docking is followed by isomerization. This isomerization represents the conversion of the free energy of agonist binding into mechanical changes by S1S2 alone, i.e. in the absence of load. Comparison with the (possibly distinct) S1S2 conformational changes that occur in the context of the intact receptor should ultimately provide insight into the mechanism by which agonist binding drives channel activation and desensitization. By analyzing the agonist binding kinetics of a panel of site-directed mutants, we have identified key side chains in the docking and locking steps. Our data also complement the recent finding that the phosphate-binding protein engages in rapid docking and subsequent slow cleft closure (35). This is in contrast to the earlier proposal of rapid isomerization for the arabinose-binding protein (36) and suggests that S1S2 and the PBP have similar kinetic profiles.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-S1S2 from GluRD was prepared as described (17) with modifications (37) . The panel of sitedirected mutants has also been described (38) .
Fluorescence Titration-All fluorescence spectra and titrations were measured with an SLM-AMINCO 8000 spectrofluorometer. The excitation band pass was 4 nm; the emission band pass was 8 nm; and the sample cell was maintained at 5°C with a circulating water bath. All measurements were determined as the ratio between the fluorescence change of the sample and a reference cuvette filled with rhodamine to reduce the noise due to intensity fluctuations of the xenon lamp. The excitation wavelength was 280 nm for all measurements, and the fluorescence change of the titration measurements was followed at 336 nm. For the titration experiments, aliquots of 10 l of concentrated ligand were added to a quartz cuvette containing 3 ml of protein (0.03-0.50 M) in 10 mM NaP i (pH 7.3) and mixed continuously with a magnetic stirrer. For the titration measurements with AMPA, 100 mM KSCN, 2.5 mM CaCl 2 , and 30 mM Tris (pH 7.2) was used for comparability with published measurements. Data points were collected every 3 s. For each ligand concentration, 20 -25 data points were averaged. The fluorescence change was corrected for the dilution of the sample with ligand. The results were fitted by Equation 1,
where F i is the fluorescence observed after the ith addition of ligand, F 0 is the fluorescence of the free protein, P 0 is the total protein concentration, and L 0 is the total ligand concentration. Free parameters were the dissociation constant K d and the maximum fluorescence change in going from unbound to completely bound protein (⌬F max ). Due to kainate absorbance at 280 nm at high concentrations, Equation 1 was modified to include an additional component linear in ligand concentration (L 0 ) for mutants E403Q and E706D, which had a very low affinity for kainate. Hill coefficients calculated for the binding reactions were between 0.9 and 1.1 (Ϯ0.05) for glutamate and kainate and slightly higher (1.0 -1.5) for AMPA.
Stopped-flow Kinetics-Rapid kinetic measurements were performed in an SF-61 stopped-flow fluorometer (Hi-Tech Scientific). The excitation wavelength was 280 nm, and the fluorescence decrease was detected with a photomultiplier with a WG-320 filter (nominal cutoff of 320 nm). The dead time of the device was 1.0 -1.5 ms. For glutamate and kainate, the kinetic measurements were performed in 10 mM NaP i (pH 7.3), and for AMPA, in 100 mM KSCN, 2.5 mM CaCl 2 , and 30 mM Tris (pH 7.2), again for purposes of comparability with published data. Control experiments were also performed with AMPA in which 100 mM KCl replaced 100 mM KSCN. All measurements were carried out at 5°C with a protein concentration between 0.05 and 5 M. Pseudo first-order reaction conditions were employed (ligand concentration Ͼ5-fold higher than protein concentration). To improve the signal-to-noise ratio, five to seven individual traces for each ligand concentration were averaged. The measurements were repeated two to three times.
The reactions were monophasic for glutamate and kainate binding to all S1S2 variants; these time courses were fitted with a single exponential curve. For AMPA binding, a biphasic reaction was observed, of which one phase (k obs Х 0.6 -1.2 s Ϫ1 ) was independent of added ligand and was thus apparently a mixing artifact caused by the presence of the chaotrope KSCN (monophasic reactions were observed when KCl replaced KSCN in the binding buffer). For AMPA concentrations above 10 M, the contribution of the second phase could be ignored due to the rapid time course of the reactions, and the data were fitted with a single exponential curve. For lower concentrations, a biexponential fit was performed, but only the ligand-dependent time constant was considered.
Standard kinetic analysis was performed as described (39) . For agonist/protein combinations showing a linear dependence of k obs on ligand concentration under pseudo first-order conditions, a one-step mechanism was assumed (see Equation 4 below). A least-squares linear fit was performed according to Equation 2 ,
where L is the concentration of free ligand. For agonist/protein combinations showing a nonlinear dependence of k obs on ligand concentration under pseudo first-order conditions, a two-step binding mechanism was assumed (see Equation 5 below) in which association is rapid compared with isomerization (see Equation 6 below). A nonlinear least-squares fit was performed according to Equation 3 .
Modeling-The interactions of glutamate with the S1S2 binding site (see Fig. 4B ) were modeled by assuming that the glutamate atoms would adopt the same positions as corresponding atoms in kainate (e.g. glutamate ␣-amino ϭ kainate pyrrolidine nitrogen; ␣-carboxylate ϭ 2-carboxylate; ␦-carboxylate ϭ 3-methyl carboxylate). Ligand interactions were plotted using the program LIGPLOT (40) . Modeling of S1S2 side chain mutations was performed in O (41) using standard side chain rotamers (42) .
RESULTS

S1S2-Ligand Binding Induces a Conformational Change-
The intrinsic fluorescence of S1S2 changed upon agonist binding (Fig. 1) . Two facts suggest that Trp is the primary internal fluorophore, both for the intrinsic fluorescence and for the agonist-induced fluorescence change. The observed excitation maximum lies between 282 and 283 nm for the apo and holo forms of S1S2 and for the difference spectrum (emission monitored at 336 nm). Furthermore, using excitation wavelengths of 280 and 296 nm, similar emission spectra were obtained, although 296 nm excitation produced a weaker signal (at 336 nm, emission was ϳ16% of that seen at 280 nm; excitation at 290 nm yielded ϳ50%). None of the four S1S2 tryptophans is located in the immediate vicinity of the binding site (21) , so this signal most likely reflects an isomerization process. Together with the nonlinear kinetic results presented below, this represents the first direct evidence that the S1S2 domain by itself undergoes a conformational change following ligand binding.
Kainate produces apparently non-desensitizing whole-cell currents at AMPA receptors due to its rapid desensitization kinetics (32) , and it has thus been proposed that the kainate-bound x-ray structure reflects a non-desensitized, activated state intermediate between the resting and desensitized states (21) . Here, we observed that the maximum fluorescence change (⌬F max , Equation 1) observed in the presence of saturating concentrations of agonist was smaller for kainate (Ϫ10.8 Ϯ 3.8%) than for glutamate (Ϫ19.0 Ϯ 1.2%) or AMPA (Ϫ17.0 Ϯ 1.3%). Although we cannot assign the conformational changes in S1S2 to functional states of the intact receptor, it is possible that the more rapid and partial desensitization induced by kainate reflects smaller induced conformational changes in the domain.
Since we do not know which tryptophan residue(s) contribute to the signal, it is not possible to interpret the fluorescence change directly in structural terms. However, the fluorescence change permitted us to measure the kinetics of protein-ligand association following rapid mixing. In addition, comparison of the kinetics of wild-type S1S2 and site-directed mutants enabled us to assess structural changes associated with the initial steps of ligand binding.
The kinetic behavior of protein-agonist binding was monophasic, rapid, and concentration-dependent over a wide range of agonist concentrations (Fig. 2) . Under pseudo firstorder conditions, the apparent rate constants (k obs ) for AMPA and glutamate showed a linear dependence on ligand concentration ( Fig. 2D ), yielding estimates (Table I) for overall association (k on ) and dissociation (k off ) rate constants analogous to values determined for a number of PBP for a one-step binding mechanism (36, 43, 44) 
where P is S1S2 and L is agonist. The rate constants thus obtained for glutamate are similar to those of PBP specific for various amino acids and sugars, with a rapid, but not necessarily diffusion-limited, k on on the order of 10 7 (46) . The dissociation rate constant for AMPA is significantly slower than that for glutamate: 0.06 s Ϫ1 . This is also consistent with an estimate of 0.032 s Ϫ1 for AMPA dissociation from rat brain membranes (47) . When KSCN was replaced by KCl in the AMPA binding buffer, a linear concentration dependence of k obs was also observed; consistent with observations on intact receptors, the main effect of KSCN is to stabilize the ligand-bound form, i.e. to reduce k off (34, 47) .
Unfortunately, a more detailed comparison of the kinetics of S1S2-and GluR-ligand binding is precluded by the paucity of experimental results on the intact molecule. This is due to limitations in the speed of agonist application in electrophysiological experiments and to difficulties expressing and purifying sufficient quantities of GluR for biochemical measurements. Flash photolysis techniques (48) and the large-scale expression of recombinant intact GluR 2 may permit more detailed comparison in the future.
Unlike the AMPA and glutamate values, the pseudo firstorder rate constants for kainate show a hyperbolic dependence on ligand concentration (Fig. 2D ). This is not consistent with a one-step binding mechanism, nor is it consistent with a Venus flytrap mechanism in which the cleft closure step is faster than the initial binding step, as has been proposed for the arabinosebinding protein (36) . It would, however, be consistent with a two-step dock/lock mechanism (
in which P is S1S2 in its unbound conformation, P* is S1S2 following isomerization, and the transition from P to P* produces the fluorescence signal, provided that binding is more rapid than isomerization, i.e. (Equation 6 ),
Fluorescence titrations of wild-type S1S2 binding to glutamate (circles), kainate (squares), and AMPA (triangles) at 5°C, shown together with curves fit for a single binding site using Equation 1. The affinities thus determined are shown in Table  II . To accommodate the wide range of ligand concentrations, a semilog plot was used.
FIG. 2. Kinetics of wild-type S1S2-agonist binding.
A and B, stopped-flow time courses obtained for glutamate (2.5 M) and kainate (3 M) and for AMPA (10 M) binding, respectively, to wild-type S1S2 under pseudo first-order conditions at 5°C. C, stopped-flow time courses obtained for glutamate binding to wild-type S1S2 under pseudo first-order conditions at 5°C at four different glutamate concentrations. Single exponential fits are superimposed on the experimental data. D, concentration dependence of the pseudo first-order rate constants for association of AMPA (triangles), kainate (squares), and glutamate (circles) with wild-type S1S2 as determined by stopped-flow measurements. The curves show linear fits for glutamate (solid line) and AMPA (finely dashed line) binding and a hyperbolic fit for kainate binding (coarsely dashed line). The concentration dependence of k obs for AMPA remains linear to the resolution limit of our apparatus (ϳ600 s Ϫ1 at 300 M AMPA).
where P and L are the equilibrium concentrations of free S1S2 and agonist, respectively (39) . In this case, we can estimate the equilibrium dissociation constant for docking (K d1 ) and the forward and backward isomerization rate constants (k ϩ2 and k Ϫ2 ) for the reaction with kainate (Table I) . Such slow isomerization was recently demonstrated for the phosphate-binding protein (35). The hyperbolic concentration dependence of k obs for S1S2 also supports the observation that the reporter Trp residue(s) must be distant from the binding site and therefore sensitive to the isomerization, rather than the docking, step.
Consistent with slow isomerization in S1S2, kinetic measurements on hippocampal neurons using caged kainate reveal that channel opening occurs more slowly than agonist binding (48) . These measurements also yielded forward and backward rate constants of activation for intact AMPA receptors of 5000 and 640 s Ϫ1 , respectively, faster than the values detected here for S1S2 (Table I) . This difference may indicate that free S1S2 is passing beyond a state corresponding to the open state to one corresponding to the desensitized state. Alternatively, coupling of the S1S2 changes to other conformational changes occurring in the intact receptor may speed these processes in vivo.
Residual Affinity of Arg 486 and Glu 706 Mutants-To further characterize the ligand-binding mechanism and to attempt to understand the different shapes of the kainate (hyperbolic) and glutamate (linear) k obs binding curves, we also studied a panel of 10 S1S2 site-directed mutants (Table II ; see note on residue numbering) (38) . The selection of candidate residues was greatly facilitated by extensive preceding mutagenesis of the S1S2 domain, allowing us to focus on residues known to affect binding affinity and/or channel gating properties (38) . Fluorescence titrations were performed on the mutants (Table II) to select suitable mutants for kinetic analysis and to provide a reference affinity measurement for comparison with that calculated from the kinetic data. All of the mutants tested showed an intrinsic fluorescence change upon agonist binding, with the exception of E706Q, for which no fluorescence change could be detected up to 0.4 mM AMPA or 23 mM glutamate. It is possible that E706Q retains a residual affinity for agonists, but fails to undergo isomerization and therefore exhibits no fluorescence change upon binding. E706Q was also poorly expressed in several experiments, which may indicate that this mutation fundamentally destabilizes the protein. The fluorescence titration curves for all three agonists binding wild-type S1S2 could be fit with a hyperbolic curve for a single binding site (Fig. 1) . The same was true for all S1S2 mutants, with the exception of the very weak kainate binders E403Q and E706Q, which required correction for kainate absorbance at 280 nm (data not shown).
Strikingly, the greater sensitivity of this technique compared with filter binding made it possible to detect weak binding of both AMPA and glutamate to the mutant R486K, which has been reported to abrogate both agonist binding and channel function (28, 38, 49 -52) and which has been termed an "absolute requirement for the acquisition of ligand-binding activity" by GluRA (53) . The affinity for glutamate was weakened by only 900-fold, whereas that for AMPA was reduced by Ͼ20,000-fold (Table II) . The mutation E706A, for which neither binding nor channel activation has been detected previously (29, 38, 50) , also was shown to have a weak residual affinity for glutamate and AMPA (Table II) , reduced 40,000-and 25,000-fold, respectively. In the kainate⅐S1S2 core complex, Arg 486 and Glu 706 are responsible for binding the homologs of the ␣-carboxyl and ␣-amino moieties shared by most GluR agonists (21), as had been proposed based on their importance for ligand binding affinity (38) . To further characterize the importance of the ligand's ␣-amino group, we also assessed the affinity of wild-type S1S2 for glutaric acid, which is identical to glutamate except for the absence of an ␣-amino group; using fluorescence titration, no binding could be detected up to a ligand concentration of 7.8 mM.
The effects of the other mutants on ligand affinities did not show significant deviations from those observed using filter c The initial slope of a hyperbolic curve is given by k ϩ2 /K d1 . Thus, assuming a two-step binding mechanism as described by Equation 5 ,
d See Footnote a concerning residue numbering in Table II . e NM, not measurable; ND, not determined.
binding studies (38) , although in some cases, detailed comparisons were limited by large standard deviations. In two cases, apparent differences were clearly affected by technical limitations. Y451F showed a clearly reduced affinity for glutamate by fluorescence titration (Table II) , whereas competition binding data revealed no change (38) . Although reproducible, the filter binding data may have been compromised by the 15-fold reduced affinity of Y451F for the reporter ligand AMPA and/or by an increase in the dissociation constant for AMPA (nearly 8-fold). The affinity of AMPA for mutant E706D appeared to increase significantly according to filter binding studies, whereas fluorescence titration revealed no obvious shift. Given such tight binding, the equilibrium dissociation constant calculated by fluorescence titration is necessarily imprecise (since the minimum protein concentration required to obtain a signal is large relative to K d ) and represents only an upper limit. In this case, the filter binding data are likely to be more accurate due to the much lower protein concentration required. In general, however, the fluorescence data are more accurate than those determined by filter binding techniques for glutamate and kainate. Overall, the fluorescence data also reproduce the results of mutagenesis studies on agonist binding and electrophysiology (e.g. Refs. 29, 49, and 50). Mutants Isomerize Slowly after Binding GlutamateStopped-flow measurements were performed with seven mutants, each of which had shown an altered ligand affinity profile as judged by fluorescence titration. Of these, kinetics could not be followed by the stopped-flow technique for R486K binding to any ligand, for E706A binding to glutamate or kainate, or for E706D binding to kainate, presumably due to the extreme destabilization of the resulting complexes (see below). Six mutants, affecting four side chains, proved suitable for kinetic analysis ( Fig. 3 and Table I ). As for the wild-type protein, each mutant showed a single relevant, concentration-dependent time constant of fluorescence change per agonist concentration. As would be expected, the affinities calculated from the measured kinetic parameters (Table I ) are in good agreement with those measured by fluorescence titration (Table II) . Differences were observed for E403D binding to kainate and AMPA, but these are most likely due to technical difficulties in the kinetic measurement of extremely small k Ϫ2 values, which are reflected in the large standard deviations.
For all six mutants, the concentration dependence of the pseudo first-order rate constant was linear for AMPA, as it had been for the wild-type protein. A hyperbolic dependence was observed for three of four mutants whose binding to kainate could be followed kinetically, again consistent with the wildtype observations; K450H showed a linear dependence suggestive of a sharp increase in k ϩ2 . Unlike the wild-type protein, all five mutants whose binding to glutamate could be followed (E403D, E403Q, K450H, Y451F, and E706D) exhibited a nonlinear dependence of the pseudo first-order rate constant on glutamate concentration. This strongly suggests that these mutants bind glutamate in a two-step process, in which a rapid "docking" of protein and ligand is followed by a slower "locking" isomerization. In addition, this analysis permitted us to identify the contribution of individual side chains to each process. clearly affected K d1 , i.e. the affinity of the binding site for ligand in the initial, docking step (Table I ). Both are located in lobe I, suggesting that the initial complex is formed here, in analogy to the PBP (26) . For kainate, E403Q and Y451F both increased K d1 relative to the wild type, whereas E403D did not. For glutamate, K d1 could not be determined for wild-type S1S2. However, as observed for kainate, E403Q increased K d1 relative to E403D. Y451F did not.
In the structure of the S1S2 core bound to kainate, Glu 403 does not contact kainate directly. Instead, it forms a hydrogen bond via a water molecule to Tyr 451 ( Fig. 4A) (21) . Working from this structure, we found that a standard rotamer of Asp 403 could form a direct hydrogen bond to Tyr 451 in its wild-type conformation, possibly accounting for the lack of disruption observed in E403D versus wild-type binding of kainate. Thus, the E403D value may act as a surrogate for the K d1 for wildtype binding of glutamate, which cannot be measured directly. However, Gln 403 , which disrupted kainate docking relative to the wild type and glutamate docking relative to E403D (Table  I) , should be able to form the same hydrogen-bonding network with Tyr 451 as Glu 403 . Thus, it appears that for this residue, the negative charge, rather than the water-mediated hydrogen bond to Tyr 451 , may be important for the docking step. Curiously, E403A shows wild-type affinity for AMPA and glutamate (38) ; however, in the absence of kinetic measurements, it is possible that compensating changes in the locking equilibrium mask changes in docking affinity or vice versa.
Tyr 451 engages in van der Waals interactions with the isopropenyl group of bound kainate (Fig. 4A) . If glutamate binds S1S2 with its carboxyl and amino groups in the same positions as those of kainate, then there would be no interaction between glutamate and Tyr 451 (Fig. 4B) , and Ser 655 for S1S2; Asp 157 for QBP). The three-way hydrogen-bonding network discussed under "Results" is highlighted (red bond distances). Although the binding site is distorted by the projection algorithm, the relative orientations of the ligands approximately reflect those found in three dimensions, e.g. by superposition of secondary structure elements of lobe I. The hinge axis runs approximately horizontal. kainate structure (21) .
The linear k obs versus ligand concentration curves for AMPA lie below and to the right of hyperbolic curves for kainate binding to wild-type S1S2 and for glutamate and kainate binding to all mutants but one (Fig. 3) . Since no curvature was detected for AMPA, it appears that the docking affinity K d1 of AMPA is substantially weaker than those of glutamate and kainate. For E403Q binding, the AMPA line lies above the other curves; in this case and in the comparison of glutamate and AMPA binding by wild-type S1S2, no information is available about relative K d1 values. The rate constants reveal that high affinity binding of AMPA (Table II ; K d 60-fold tighter than for glutamate) is due instead to the exceptional stability of the complex once formed. The overall dissociation rate constant (k off ) is 190-fold slower than that for glutamate (Table I) . This may be due to the expected ability of the side chain isoxazole moiety to form more extensive interactions with lobe II than kainate or glutamate (21) . The high stability of the AMPA⅐S1S2 complex is consistent with its suitability for filter binding experiments.
Locking-Two Glu 706 mutants, E706D and E706A, strongly affected the backward rate constant of isomerization (k Ϫ2 ), i.e. the speed of "unlocking", without apparently affecting docking affinity. For AMPA, k Ϫ2 was increased 7-fold in E706D and Ͼ2000-fold in E706A (Table I ). For glutamate, k Ϫ2 was increased 18-fold in E706D. Agonist binding could not be followed by stopped-flow techniques for glutamate binding to E706A and for kainate binding to both mutants, even though fluorescence titration measurements revealed (weak) ligand binding for glutamate to E706A and for kainate to E706D. A likely explanation is that the weak affinity also reflects a sharp increase in k Ϫ2 , which is the minimum rate that can be observed: if k Ϫ2 Ͼ Ͼ 500 s Ϫ1 , the time course will be inaccessible to our stopped-flow device since k obs Ն k Ϫ2 (Equation 3). E706Q, for which no binding could be detected even by titration experiments, may have an even higher value for k Ϫ2 . Alternatively, it may not isomerize upon agonist binding, so no fluorescence signal can be detected. In the one Glu 706 mutant for which K d1 and k ϩ2 could be estimated (glutamate binding to E706D), neither the equilibrium dissociation constant for docking nor the forward isomerization rate constant was significantly destabilized relative to other mutants. Thus, it appears that Glu 706 is essential for stabilizing the "locked" conformation, rather than for docking. In addition, it appears that a negative charge is essential.
In complex with kainate, Glu 706 binds the pyrrolidine nitrogen (21), which presumably corresponds to the ␣-amino group in glutamate. The amino group also forms hydrogen bonds to the carbonyl group of Pro 479 and to the side chain of Thr 481 , which in turn is hydrogen-bonded to Glu 706 (Fig. 4, A and B ; hydrogen bonding distances shown in red). The three-way hydrogen-bonding network of Thr 481 , Glu
706
, and the agonist amino group, in which each component binds the other two, thus knits together the two lobes of the protein and the agonist. The nearly tetrahedral geometry of the hydrogen bonds formed by the ligand's nitrogen atom is well suited to the ␣-amino moiety of the physiological ligand.
Lys 450 may play a secondary role in the locking process. In the kainate structure, Lys 450 is located at the periphery of the binding site, does not interact directly with the agonist, and is distant from any potential "hinge" positions. However, it has been proposed that following further cleft closure, Lys 450 could stabilize glutamate binding by reaching across the lip of the cleft to bind Asp 652 or Ser 653 . Thus, it should be a locking residue for glutamate, but not kainate (21) . It is therefore surprising that the K450H mutation affected both k ϩ2 and k Ϫ2 for kainate (Table I ). The forward rate constant (k ϩ2 ) appeared to have increased significantly relative to the wild type since this mutant showed a linear dependence of k obs on ligand concentration for kainate, whereas the wild-type dependence was hyperbolic ( Figs. 2D and 3 ; see "Discussion"). The backward rate constant (k Ϫ2 ) actually decreased, i.e. the K450H substitution stabilized the locked conformation of the kainate complex. In contrast to the unexpected results with kainate, the effect of the mutation K450H on glutamate binding is consistent with a proposed role in stabilizing the locked conformation of the glutamate complex (21) . K450H increased k Ϫ2 for glutamate 5-fold and apparently decreased k ϩ2 since the linear k obs dependence of the wild type was replaced by a nonlinear dependence in the mutant (Figs. 2D and 3 ; see "Discussion").
DISCUSSION
The Motor That Drives GluR-Interpreted in terms of the structure of the kainate-bound S1S2 core (21) , these data suggest a first picture of the sequence of interactions between agonist and the GluR ligand-binding domain. Agonists dock to lobe I of S1S2 adjacent to a ridge formed by side chains Glu 403 and Tyr 451 . Following relatively rapid docking, the binding site then undergoes a slower isomerization that leads to formation of a stable high affinity complex. A three-way hydrogen-bonding network involving the agonist amino moiety and the side chains Thr 481 on lobe I and Glu 706 on lobe II appears to play a key role in locking the agonist in.
Of course, our data apply to the S1S2 ligand-binding domain alone, acting outside the context of the intact receptor. In the absence of intact GluR structures, it is impossible to establish whether its agonist-bound conformation corresponds closely to that of the domain in the open or desensitized GluR (or neither) since these states have meaning only for a functional ion channel. The high affinity of isolated S1S2 for agonists is reminiscent of values reported for inhibition constants rather than EC 50 values (4), suggesting that agonist-bound ("holo-") S1S2 may be more similar to the desensitized state than to the open state of GluR. However, holo-S1S2 may instead approximate the open state. In this case, the discrepancy between the K d values of S1S2 and the EC 50 values of GluR would reflect S1S2's uncoupling of agonist binding from the energetically unfavorable process of channel opening.
Given this ambiguity, we prefer not to attempt to assign holo-S1S2 to a specific functional state. Instead, we wish to emphasize that the motions undergone by S1S2 on its own represent the fundamental molecular process that converts agonist-binding energy into conformational changes. These changes are presumably harnessed to drive channel gating and/or subsequent desensitization in the intact receptor.
Despite (29, 54) . Thus, we propose that recruitment of Glu 706 and Thr 481 into a hydrogen-bonding network with agonist could well be a key step in channel gating. On the other hand or in addition, it is possible that these mutations operate indirectly on the EC 50 values, via changes in the desensitized state(s) of the molecule. A test of these alternatives would be provided by an analysis of antagonist binding to appropriately mutated intact GluR channels. Due to UV absorption by the antagonist compounds, fluorescence binding studies are, however, not feasible.
The foregoing proposal does not exclude the possibility that the holo-S1S2 end state may have similarity to the desensitized conformation. This is suggested by two observations. First, the kinetics we observed for S1S2 binding of kainate are slower than those determined by flash photolysis for kainate activation of GluR (48) . Second, the rapid and partial desensitization induced by kainate (32) corresponds qualitatively to the observation that kainate induces a smaller fluorescence change in S1S2 than do glutamate and AMPA. As mentioned above, however, a detailed comparison of S1S2 and GluR structures in defined states will ultimately be required to determine the functional correlates of the apo and holo forms of S1S2.
Comparison of PBP and S1S2 Kinetics-Qualitatively, two types of kinetic behavior were observed for the binding of agonists to S1S2. Wild-type S1S2 bound AMPA and glutamate with an observed rate constant that increased linearly with increasing agonist concentration. The same linear dependence was observed for AMPA binding to all S1S2 mutants studied here and for kainate binding to K450H. In contrast, a hyperbolic dependence of k obs on agonist concentration was observed for glutamate binding to all S1S2 mutants studied and for kainate binding to wild-type and all mutant S1S2 molecules but one.
What explains the different dependence of k obs on agonist concentration? We propose that isomerization is slower than binding for all three agonists binding to all S1S2 molecules, but that large k ϩ2 values make it impossible to detect hyperbolic behavior in some cases due to the limited temporal resolution of the stopped-flow apparatus. Significant departure from linearity is observed only for values of k obs approaching (2k Ϫ2 ϩ k ϩ2 )/2. Since the resolution of our stopped-flow device is roughly 500 s Ϫ1 , saturation behavior is inaccessible for reactions with k ϩ2 Ͼ Ͼ 1000 s Ϫ1 , and the smallest value of k ϩ2 we detected was 850 s Ϫ1 (Table I) . If the values for glutamate binding of wild-type S1S2 or for kainate binding of K450H were only severalfold higher, then our experiments could measure only the initial, linear phase of the hyperbolic curve. Unfortunately, attempts to surmount the kinetic limitation for S1S2 using faster pressure-or temperature-jump experiments were not technically feasible (34) . 3 If this hypothesis is correct, one effect of the mutations would be to reduce k ϩ2 sufficiently to bring the saturation regime within experimental reach, say by an order of magnitude or less. This is consistent with the relatively modest shifts in k ϩ2 seen for kainate binding (Table I) . Calculations with K d1 ϭ 1 mM and k ϩ2 ϭ 2 ϫ 10 4 s Ϫ1 (k Ϫ2 ϭ 7.6 s Ϫ1 ) yield kinetic behavior consistent with that shown in Fig. 2D for glutamate binding to wild-type S1S2. Assuming additionally that k ϩ1 is Ն10 8 M Ϫ1 s Ϫ1 , locking would indeed be slower than docking for wild-type S1S2 binding of glutamate at physiological concentrations.
The same technical limitation most likely also affected earlier measurements of PBP-ligand binding kinetics. A linear concentration dependence of k obs for the arabinose-binding protein had been interpreted as showing that isomerization is faster than initial docking (36) . However, recent stopped-flow measurements on a Trp mutant of the phosphate-binding protein revealed a hyperbolic dependence of k obs ; the mutant protein was shown to have wild-type phosphate affinity, and the introduced reporter Trp side chain was shown crystallographically to be distant from the bound phosphate (35). These data were interpreted in terms of nearly diffusion-limited docking and relatively slow isomerization. Slow isomerization has also been detected for the dicarboxylate-binding protein DctP, although this protein preferentially adopts the closed conformation in the absence of ligand and therefore must additionally open before binding ligand, in contrast to the other PBP studied (55) .
It seems likely that the linear concentration dependence of k obs seen for the arabinose-binding protein simply represents the initial (linear) phase of a hyperbolic curve, as it probably does when observed for S1S2. This interpretation is also consistent with the fact that the maximal ligand concentrations used in kinetic studies of the arabinose-binding protein (100 M) probably did not approach K d1 , the point at which significant curvature would be observed (36, 44) . Electron density peaks from ligands soaked into crystals of the open form of the leucine/isoleucine/valine-binding protein did not show saturation at concentrations as high as 10 -50 mM, i.e. Ͼ2 orders of magnitude higher (56) . According to this proposal, all PBP would share a common kinetic motif with the GluR: rapid docking followed by slow locking.
A Subtler Flytrap-Despite the overall kinetic and structural similarities between S1S2 and the PBP, solution scattering data show that S1S2-agonist binding does not induce a large lobe closure equivalent to that seen for the PBP (33) . Thus, instead of focusing on gross shifts between the lobes, as suggested by the Venus flytrap analogy, it is likely that smaller structural shifts within S1S2 will prove sufficient for inducing activation and desensitization. However, previous mutagenesis data (e.g. Refs. 29, 38, 49, and 50) and our kinetic results have identified residues on both sides of the cleft that interact with agonist. Interestingly, in S1S2, agonists are apparently able to interact with both lobes even in the absence of a dramatic relative motion due to an important structural difference between the orientations of ligands bound to S1S2 and the PBP. Here, for the first time, we can also assign an order of interaction to certain side chains involved in the binding process.
The homologs of Glu 403 and Tyr 451 sandwich the ligand side chain in a variety of amino acid-binding PBP, including the glutamine-binding protein (QBP) that is most closely related to the S1S2 core (Fig. 4C) (21, 25, 57, 58) . PBP-bound amino acids thus lie roughly parallel to the hinge of the cleft (i.e. roughly horizontal in Fig. 4C ). In contrast, in the kainate⅐S1S2 complex, the kainate "side chain" is directed almost at right angles to this orientation, brushing past Tyr 451 as its terminal carboxyl methyl group interacts with side chains from lobe II (Fig.  4A ). As shown in Fig. 4B , glutamate may adopt a similar orientation, lying across rather than along the cleft, enabling it to interact with both sides in the absence of a dramatic closure. The ␣-amino group bound deep within the cleft is also positioned so that only small rearrangements are apparently required to enable the recruitment of Glu 706 into a hydrogenbonding network that spans both lobes and the agonist. This explains how agonists could be capable of linking the lobes of S1S2 together utilizing only subtle conformational changes within the domain. These small motions can then trigger subsequent conformational changes that open and close the channel pore. There is precedent for such subtlety both among the repressor protein-binding domains, whose conformational changes appear restricted by the need to maintain oligomeric interactions (31) , and among PBP involved in transport (30, 59) .
